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Abstract

Lithium-manganese-oxides have been exploited as promising cathode materials for many years due to their environmental
friendliness, resource abundance and low biotoxicity. Nevertheless, inevitable problems, such as Jahn-Teller distortion, man-
ganese dissolution and phase transition, still frustrate researchers; thus, progress in full manganese-based cathode materials
(FMCMs) has been relatively slow and limited in recent decades. Recently, with the fast growth of vehicle electrification and
large-scale energy-storage grids, there has been an urgent demand to develop novel FMCMs again; actually, new waves of
research based on FMCMs are being created. Herein, we systematically review the history of FMCMs, correctly describe their
structures, evaluate the advantages and challenges, and discuss the resolution strategies and latest developments. Additionally,
beyond FMCMs, a profound discussion of current controversial issues, such as oxygen redox reaction, voltage decay and
voltage hysteresis in Li,MnOs-based cathode materials, is also presented. This review summarizes the effectively optimized
approaches and offers a few new possible enhancement methods from the perspective of the electronic-coordination-crystal

structure for building better FMCM s for next-generation lithium-ion batteries.

Keywords Energy storage - Lithium-ion batteries - Cathode materials - Manganese oxides

1 Introduction

The use of energy can be roughly divided into the following
three aspects: conversion, storage and application. Energy
storage devices are the bridge between the other two aspects
and promote the effective and controllable utilization of
renewable energy without the constraints of space and time
[1-3]. Among the diverse energy storage devices, lithium-
ion batteries (LIBs) are the most popular and extensively
applied in daily life due to their high energy density, long
cycle life, and other outstanding properties [1, 4, 5]. The
rapid expansion of portable electronics, electric vehicles,
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and smart grid systems calls for more advanced LIB materi-
als, which should not only have excellent performance but
also cost less [6-9]. At the cell level, LIBs mainly consist of
cathodes, anodes, separators and electrolytes, and cathode
materials account for approximately 50% of all the mate-
rial costs due to the expensive lithium and transition metal
(TM) elements and lower practical capacity delivered by
cathode materials; therefore, cathode materials play a sig-
nificant role in increasing the comprehensive performance
of practical batteries and obtain much more attention than
the other materials [10—-12].

Traditional cathode materials, such as LiFePO,,
LiMn,0,, LiCoO,, and LiMO, (M =Ni, Co, etc.), have
been pervasive in today’s society [11, 13—17]. However,
due to their lower energy density and/or reliance on con-
strained natural resources, they cannot meet the demands
for both excellent performance and low-cost LIBs [6, 7, 18].
Although Fe-based olivine LiFePO, and Mn-based spinel
LiMn,0O, have been widely utilized as commercial cathode
materials, these compounds suffer from low theoretical/prac-
tical specific capacities; thus, they have been replaced in
the literature in the pursuit of higher energy density. Co or
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Ni-based layered cathode materials have theoretical capaci-
ties of over 270 mAh g™!; nonetheless, only < 70% of the Li
ions can be reversibly inserted in/extracted from the canoni-
cal LiCoO, cathode material [19], and for Ni-rich electrodes,
less than 80% Li can cycle reversibly even under laboratory
conditions [16, 20]; furthermore, once the electrodes are
under deep delithiation, oxygen evolution and structure col-
lapse occur, which could give rise to severe safety issues
and hinder their extensive commercial application [21-24].
Moreover, compared with manganese, cobalt and nickel
are not economical enough and have higher biotoxicity.
According to the latest data from the U.S. Geological Sur-
vey (USCS), 1.5 billion t of world land-based Mn reserves
have been identified, which is far more than the land-based
reserves of Co and Ni, which are approximately 7.6 and
95 million t, respectively. Furthermore, the land-based Co
and Ni resources are irregularly distributed. Co reserves are
highly concentrated in Congo (Kinshasa, 46.05%), Australia
(18.42%) and Indonesia (7.89%), which together account
for approximately 72% of the world’s Co reserves. Ni
reserves are mainly distributed in Australia (22.10%), Indo-
nesia (22.10%), Brazil (16.84%) and Russia (7.89%), which
together account for approximately 68% of the world’s Ni
reserves. However, the world’s top power battery manufac-
turers, which are mainly in East Asia (China, the Republic
of Korea, and Japan), have a great demand for upstream raw
materials; therefore, a significant amount of money has to
be spent on transportation, which will ultimately increase
the costs to end customers. China was already the world’s
largest producer and consumer of LIBs. The development of
power batteries in China will have a profound impact on the
world’s carbon neutrality process. Nevertheless, the reserves
of Co (80 000 t) and Ni (2.8 million t) in China are limited,
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and the quality is not sufficient; therefore, processing is diffi-
cult. Fortunately, there are approximately 54 million t of Mn
reserves in China, and once full manganese-based cathode
materials (FMCMs) are widely exploited in the market, they
will rapidly promote the progress of the new energy industry.
Therefore, developing better FMCMs for next-generation
LIBs seems an encouraging direction [18, 25-27].

The use of manganese resources as raw materials for
potential cathode materials has been studied in recent dec-
ades due to their low cost and low biotoxicity compared with
nickel and cobalt. In recent years, various breakthroughs
have emerged, including a few new structural cathode mate-
rial emergences and some novel charge compensation mech-
anism proposals [28-30]. Herein, we methodically combine
the history of FMCMs, correctly describe their structures,
evaluate the advantages and challenges, and pay much atten-
tion to the resolution strategies and latest developments. In
particular, this review summarizes the effectively optimized
approaches and offers some new possible enhancement
methods at different research scales, which will accelerate
the research process and practical application of FMCMs.
Let us begin with a brief history of the FMCMs for LIBs.

2 History of FMCMs for LIBs

Figure 1 describes the historical development of FMCMs.
In 1975, manganese dioxide (MnO,) was first proposed as a
cathode material in Li batteries by Ikeda et al. [31], and the
anode material was Li-metal, so the discharge mechanism
of MnO,/Li cells was as follows:
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Li + MnO, — Mn**O,(Li™).

Mn**0,(Li*) signified that Li ions were inserted into the
MnO, crystal lattice, and charge neutrality was achieved
by the reduction of Mn** to Mn®*. However, at that
moment, they were called primary Li cells, which were not
rechargeable.

The concept of rechargeable Li batteries was first dem-
onstrated by Whittingham et al. [32], in a Li-TiS, system,
where TiS, was used as the cathode and Li metal was used
as the anode (with a nonaqueous electrolyte). During the
discharging process, Li ions were introduced into the van der
Waals gap between the TiS, layers and were accompanied
by the reduction of Ti** ions to Ti**. When charging the
electrode, the reverse process occurred, and the charge bal-
ance was maintained by the oxidation of Ti** ions to Ti*'.
Throughout the discharge/charge (Li insertion/extraction)
process, the layered structure was well maintained, which
resulted in quite good reversibility. However, although the
cathode materials operated flawlessly, this system was not
sufficiently viable. The shortcomings of a Li-metal/liquid
electrolyte combination-dendritic Li soon emerged [33],
which gradually grew during subsequent discharge/recharge
cycles and then pierced a separator, leading to serious explo-
sion hazards. Methods involving replacing metallic Li with
a second insertion material, formerly known as “rocking-
chair” or “shuttle” battery technology, were proposed by
Armand in the 1970s [34]. Later, Goodenough et al. pro-
posed a layered Li,CoO, cathode material that is still exten-
sively applied in batteries today [19, 35]. Inspired by the
lithiation of Fe;0, to LiFe;0,, they further synthesized a
lithium manganese oxide spinel (Li,Mn,0,) as a cathode
material in 1983, which exhibited certain electrochemical
performance at that time and is still commonly used in elec-
tric vehicles [36, 37].

At the early research stage of FMCMs, there was a great
deal of interest in developing new Li-Mn oxides; thus, vari-
ous Li-Mn oxide phases have been synthesized by many
groups. Thackeray et al. developed a Li,_ MnO;_, cathode
by acid leaching of Li,O from the rock salt phase Li,MnO;
(Li,0*MnO,) in 1991, which provided a reversible capacity
of approximately 200 mAh g~! [38]. Meanwhile, the synthe-
sis of layered LiMnO,, which exhibits a structure analogous
to LiCoO, with two-dimensional (2D) Li-ion channels, has
been a long-standing goal. However, the monoclinic lay-
ered LiMnO, (m-LiMnO,) was not thermodynamically
stable; instead, it was an orthorhombic phase 0-LiMnO,
(zigzag layered structure), even though the stability differ-
ence between the two structures was quite small [25, 39,
40]. Compared with 0-LiMnO,, m-LiMnO, attracted the
attention of more researchers, as mentioned above, as its
structure was very similar to LiCoO,, and it was more likely

to be a practical electrode material. Layered m-Li MnO, has
been prepared by several groups; however, these interest-
ing materials, in general, were hydrated, contained protons
or were nonstoichiometric [41-45]. In 1996, Bruce et al.
first reported the synthesis of anhydrous and stoichiometric
m-LiMnO,, which was obtained by Li/Na ion exchange from
NaMnO, and showed a rather high charge specific capacity
of 270 mAh g~! and fairly good stability over a few cycles
[46, 47]. Later, Tabuchi et al. also independently reported
the hydrothermal synthesis of layered m-LiMnO, [48]. The
template method was also an attractive synthesis approach
for layered LiMnO, at the beginning of this century and
could effectively control the size of the prepared nanocrys-
tals [49, 50]. Another thermodynamically stable FMCM was
layered monoclinic Li,MnOj; (or Li[Li;;;Mn,;]0,), whose
additional Li ions in the Mn layer forming the Li-Mn-Mn
superlattice led to C2/m symmetry [51-53]. Due to the
excess Li in Mn layers exhibiting a “Li-O-Li” configura-
tion that created orphaned oxygen states (an unhybridized
O 2p state or nonbonding O 2p orbital), which facilitated the
charge compensation of oxygen in the Li,MnO; system, a
higher energy density was theoretically achievable [54-56].
Nevertheless, Li,MnO; could only exhibit considerable
electrochemical performance by nanosizing its particles or
through high-temperature testing. With pure oxygen redox
occurring during the activation process because of the una-
vailability of Mn redox (which is controversial and will be
discussed in detail later), much O, gas is released, resulting
in irreversible structural transformation and poor cycle per-
formance [57-60].

In the next decade or so, there was no significant progress
in the development of FMCMs, and most other FMCMs
could be regarded as combinations of the above structures,
such as Li,MnO;*LiMnO, and Li,MnO;*LiMn,0, [61-64].
Considering environmental issues and the rapid development
of electric vehicles in recent years, an increasing number of
researchers are studying FMCMs again, and some intrigu-
ing FMCMs have been successfully synthesized, which
have exhibited extraordinary electrochemical performance.
In 2014, the percolation theory was introduced in LIBs by
Ceder et al., which expanded the design space of cathode
materials [65]. Later, many completely cation-disordered
rock-salt and partial spinel-like cation-ordered FMCMs
were creatively developed and showed great potential for use
as cathode materials due to their ultrahigh energy density
achieved by multielectron redox [18, 27, 66—70]. Further-
more, by giving more attention to the atomic ordering within
the TM layers, a series of FMCMs with different intralayer
M/vacancies/TM orderings were designed and synthe-
sized, which resulted in the construction of a correlation
between intralayer atomic arrangement, structural response
and anionic reversibility/stability [71-74]. Interestingly, the
Jahn-Teller distortion of Mn>* could be well controlled by
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structural symmetry and/or interfacial orbital ordering [71,
75, 76]. FMCMs with different oxygen sublattices were
also proposed and synthesized by a few groups. O2-type
FMCMs showed no obvious voltage decay, resulting from
no layered-to-spinel phase transformation because of the dif-
ficulty for TM ions to migrate to octahedral sites in Li layers
[77-79]. Mainly based on bulk redox, most FMCMs dis-
played insufficient rate capability, which was limited by the
slow Li-ion diffusion process in the electrodes; thus, some
groups focused on the surface redox reaction, synthesized
some intriguing FMCMs and proposed a few unusual charge
compensation mechanisms [80-82]. These materials and
concepts give researchers much confidence and inspiration
regarding the study of FMCMs, greatly expanding the des-
ignable and exploitable space of excellent cathode materials.

3 Advantages of FMCMs

FMCMs have attracted much attention because of their many
significant advantages. Cathode materials have proven to be
the bottleneck in the building of better batteries consider-
ing their cost and electrochemical performance [7, 11]. The
distributions of manufacturing costs and material costs at the
cell level are shown in Fig. 2a. The cell manufacturing costs
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Fig.2 a The distribution of manufacturing costs at the cell level;
the distribution of material costs is displayed in the upper left corner
[11]. Data were taken from Ref. [11]. b Annual price of a few metal
elements (source: https://tradingeconomics.com/). ¢ A breakdown
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are dominated by materials, which contribute to approxi-
mately 75% of the total cost, and the cathode material
contributes to approximately 50% of all the material costs
[11], as shown in Fig. 2a (the upper left corner). To achieve
attractive cost structures and profit margins, low-cost and
high-energy-density cathode material acquisition is essen-
tial. Figure 2b summarizes the price change trend of three
common elements over the last two years. The price of Co
fluctuates significantly, while there is a gradual increase in
the Ni price and a relatively stable Mn price. However, the
high cost and toxicity of cobalt compounds have prompted
the development of alternative cathode materials. Nickel-
rich cathode materials have been widely researched and
gradually applied in the market due to their relatively high
capacity and good stability; however, the single-cell price is
still beyond expectations and still faces the problems stem-
ming from oxygen evolution in a deeply delithiated state, as
well as synthesis difficulties [23, 84-87]. In addition, it is
expected that with the large-scale popularization of electric
vehicles and energy storage grids, the price and consumption
rate of Ni and Co resources will increase, and as reported by
a few groups, once the Li-ion industry grows to 1 TWh of
production per year, approximately one million t of cobalt/
nickel combinations will be needed, thereby placing vast
pressure on metal resources [6, 28]. Comparing the price of

Co-price
—— Ni-price
) 60.0k | Mn-price
a
2]
=)
=’ 40.0k |
o
31
‘=
~
20.0k

Lco

NCA

55.03% (Fe) LFP

LMO

16.06% j

45.11% LNMO

mCobalt ®Nickel ®Manganese ®Lithium ®Oxygen ® Others

of the mass content in a battery system [11]. Data were taken from
Ref. [11]. d Elemental mass ratios in five common cathode materials.
Adapted with permission from Ref. [83]. Copyright 2020 Elsevier


https://tradingeconomics.com/

Electrochemical Energy Reviews (2023) 6:20

Page50f38 20

Mn with that of Co and Ni, the Mn price is far lower than
the Co price and less than a quarter of the Ni price, as shown
in Fig. 2b. On the other hand, the mass ratio of electrode
materials in the battery module is near 40%, and the cathode
material accounts for over 20% of the mass, as presented in
Fig. 2c; the elemental mass ratios in different types of com-
mon cathode materials are exhibited in Fig. 2d, and Co and
Ni account for a large proportion in layered oxide materials
[83]. Therefore, constructing high energy density and low
cost FMCMs by replacing Co and Ni with Mn could be a
good alternative, which will significantly reduce the cost of
batteries and powerfully promote the rapid development of
lightweight or long-range electric vehicles.

Moreover, Li-Mn oxides and their derivatives with vari-
ous components and structures, as shown in Table 1, can be
utilized and part of which have been applied as FMCMs.
These FMCMs exhibit a relatively high redox potential
based on Mn redox, which is compatible with the current
electrolyte system. Oxygen redox reactions can also occur in
some Li-rich or Li-excess FMCMs, which further increases
the practical release capacity [54, 55, 95]. Amazingly, some
FMCM electrodes can even deliver an ultrahigh capacity of
over 350 mAh g_l [27, 28], which is much higher than that
of Ni/Co based cathode materials. Mn ions are also a type
of polyvalent ions; thus, it is possible to manipulate the Mn
redox couples from Mn?* to Mn>* [27], and even to Mn’*
[96, 97], and studies have demonstrated that FMCMs are
safer when overcharging occurs [25]. Therefore, there is no
doubt that FMCMs are potential cathode candidates for next
generation LIBs.

4 Structures of Common FMCMs

As mentioned above, the structural chemistry of FMCMs is
very complex; fortunately, a variety of structures have been
successfully synthesized and explored in detail, which also
offers a wide selection for cathode material studies. Here,
we focus on the structures of FMCMs commonly used in the
field of LIBs and describe them accurately.

4.1 Spinel LiMn,0,

The most readily prepared lithiated manganese oxide is
LiMn,0,, which has found some application in commercial
LIBs. LiMn,0, does not have a layered crystal structure;
instead, it exhibits a spinel structure [88, 98]. The spinel
structure has been refined with space group Fi d3mm, whose
face-centred cubic oxygen (the Wyckoff position of 32e
site) array provides a three-dimensional (3D) array of edge-
shared A-MnO, octahedra for the Li-ions, and the stable 3D
channels allow the fast diffusion of Li-ions. In detail, the
tetrahedral (8a) and octahedral (16d) sites are occupied

by Li- and Mn-ions, respectively, which are indicated by
the green LiO, tetrahedra and light blue MOy octahedra in
Fig. 3a, so the atomic distribution of LiMn,0, can be written
as [Lil](Sa)[an](l6d)[o4](32e)'

4.2 Stoichiometric LiMnO,

Stoichiometric LiMnO, is also a type of FMCM that has two
common structures (layered and orthorhombic structures)
used as cathode materials [46, 99]. The crystal structure
of layered LiMnO, is similar to that of LiMO, (M =Co,
Ni, etc.). LIMO, oxides crystallize in a completely ordered
a-NaFeO, rock-salt structure with rhombohedral (Rgm)
symmetry, in which the Li- and M-ions occupy the alternate
(111) planes to give a layer sequence of O-Li-O-M-O along
the c axis, thus yielding an A ;By,C;;A\B;C (the capital
letters, A, B, and C represent the oxygen sublattice in the
rock-salt structure; the subscripts Li and M denote Li-layers
and M-layers, respectively) array, and cations are located
in octahedral sites [25, 100], as shown in Fig. 3b. There are
three rigid MO, ™ sheets formed by the M-ions and O-ions
per unit cell, so the structure is an O3-type structure (O here
referring to octahedral structure). The Li ions (octahedral
sites) between the sheets are mobile; therefore, Li ions can
be reversibly extracted/reinserted from/into the Li planes
electrochemically, which forms fast two-dimensional (2D)
Li-ion diffusion channels; furthermore, this structural mate-
rial displays good electronic conductivity provided by the
edge-shared MO, octahedral arrangement with a direct M-M
interaction, depending on the electronic configuration of the
M3* jons. As a consequence, various O3 structure layered
LiMO, oxides have become attractive cathode materials,
such as LiCoQ,, ternary oxide, and Ni-rich cathode materi-
als. The layered monoclinic LiMnO, (m-LiMnQO,) is also
an O3 structure oxide; however, it does not have a perfect
a-NaFeO, structure because of the cooperative Jahn-Teller
(J-T) effect caused by all of the high-spin state Mn3* ions,
leading to a monoclinic unit cell (the space group: C2/m), in
which the lattice constants and angles are distorted because
of the higher rhombohedral symmetry [25, 46], as shown
in Fig. 3d. Additionally, it is not thermodynamically stable
compared with 0-LiMnO, [25, 39, 40]. The o-LiMnO, (the
space group: Pmnm) has an ordered rock-salt structure, as
shown in Fig. 3c. Interestingly, the LiO4 and MnOg octahe-
dra are arranged in corrugated layers, so 0-LiMnO, is also
called zig-zag layered LiMnO,.

4.3 Layered Li,MnO; (or Li[Li, 3;Mn,,;0,])

The layered Li,MnOj; (or Li[Li,;;3Mn,;3]O,) has an oxygen
stacking sequence analogous to that of LiMO,, as shown
in Fig. 3e, whereas the TM layer is no longer a Mn-only
layer. Twenty-five percent of the total amount of Li atoms
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Table 1 Common FMCMs and their related information

FMCMs Component Structure Space Redox couples Theoretical Practical Middle References
group capacity/ capacity/ voltage/V
(mAhg™) (mAhg™)
Traditional ~ LiMn,O, Spinel Fd3m Mn3>+4+ 148 120 3.0- 4.0 [88, 89]
FMCMs 4.3 V),
120 (3.5—
445V)
LiMnO, Zigzag Pmnm Mn3+A4+ 285 190 2.5- 3.0 [90, 91]
layered 4.2V);
200 (2.0-
45V)
Layered C2Im Mn3+4+ 285 200 (3.4- 3.0 [46, 92]
43V); 32
220 (2.0-
45V)
Li,MnO; Layered C2/m O redox + Mn*** 458 220 2.0~ 3.2 [60, 93]
5.0V);
170
Completely ~ LiMnO, Mn+4+ 285 250 3.0 [69]
cation-
disordered
oxides
Li,MnO, Rock-salt  Fg3m O redox + Mn*3* 458 320 (1.5- 29 [70]
4.8V)
Li,Mn,Os Mn*** £ O redox 491 355(1.2- 28 [27]
4.8V)
Li,Mn,;Nb, sO,F Mn*"** + O redox 401 304 (1.5- 3.1 [18]
50V)
Partially Li; gMn, ¢O57F 5 Spinel-like  Fg3m Mn*3+4+ 40 273 363(1.5- 3.1 [28]
ordered redox (Vacan- 4.8V)
oxides cies not
consid-
ered)
NaCl-type  Li,MnO,:LiysMnO,=1:1 NaCl- Fd3mé& Mn***%* 40 303 388 3.0 [94]
cation Li,MnO;  Fg3 redox (1.54.8
disordered & Spinel- V)
Li,MnO;@ LiMn,0,
LiMn,0,
Intralyer Li/  Lig700Lip220Mng 7560, Layered R3m Mn*** + O redox 308 304 2.0- 32 [71]
Mn disor- (Vacan- 4.8V)
dering in cies not
Mn layers consid-
ered)
LMO consists  Lij gsMn g40, Layered R3m Mn***(octahedral 265 412(1.3- 2.8 [72]
of 0.48Li@ Lit & tetrahedral (Charge 49V);
Mng order- Li*)+O redox capacity) 610 (0.6—
ing and 49V)
0.52Mn@
Mng struc-
ture units
Li-O-vacancy Liy;V,;Mng,0, Layered R3m Mn**3+4 10 184 312(2.0- 3.0 [73]
LMO redox (Charge 4.8V)
capacity)
Oxygen sub-  Li [Li;,,Mn,]O, Layered P63/mc Mn**** + O redox None 200 & 275 3.2 [77,79]
lattice 2.0-
4.8V)
Surface redox LiF-MnO Rock-salt  F3m Mainly Mn?**** and None 240 (1.5- 2.8 [81]
reaction Mn3+4+ 4.8V)
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Table 1 (continued)

FMCMs Component Structure Space Redox couples Theoretical Practical Middle References
group capacity/ capacity/ voltage/V
(mAhg™) (mAhg™)
Mn;0,-LiPF Spinel 41l/amd ~ Fredox+Mn****  None 265 (1.5- 2.6 [82]
4.8V)
Interfacial LiMnO, Spinel- IAl/amd & Mn>*™ +0 285 254 (2.0- 32 [75]
orbital layered C2/m 4.5V)
ordering

@ LiO4 octahedra
“’ MO, octahedra

@, [Li/M]O4 octahedra

Fig.3 Structures of partially important FMCMs: a spinel LiMn,0, (Fd3mm); b layered LiMO, (R3m); ¢ zigzag layered LiMnO, (Pmnm); d lay-
ered LiMnO, (C2/m); e Li,MnO; (C2/m); f O2-type layered LiMnO, (P63/mc); and g cation-disordered Li-Mn-oxide (Fm3mm)

are found in the simulation cell, replacing 33% of the total
Mn sites (the Wyckoff position of the 2b site) to form an
ordered Li-Mn mixing layer (Li;;;Mn,;; or LiMn,). This
ordered arrangement and the difference in the Li/Mn ionic
radius reduce its symmetry from R3m symmetry to mono-
clinic C2/m symmetry [58, 101-103]. Thus, its chemical
formula can also be written as Li g4 Lig 50o0)[Lig 505Mng)]

(01)4i(0)g;-
4.4 02-Type FMCMs

Another layered FMCM is layered O2-type Li-Mn oxides.
Delmas et al. first reported an O2-type LiCoO, with
a unique ABCBAB oxygen packing in 2001 [104] that
is thermodynamically metastable compared to layered
03-type LiCoO, with ABCABC oxygen packing. The
meaning of “O” in O2-type here is the same as that in the

O3-type layered structure mentioned above (O refers to
octahedral structure), and here, “2” means that the mini-
mum number of MO, sheets required to describe its
unit cell is “2”. The form of the LiO4 octahedra and MOy
octahedra connections in the O2-type structure is distinct
from those in the O3-type structure. The LiOg4 octahedra
share edges and faces with MOy octahedra in the O2-type
structure, as shown in Fig. 3f, whereas for the O3-type
structure, the LiO4 octahedra share only edges with the
MO octahedra. More importantly, it is difficult for M ions
to migrate from octahedral sites in the M layer to octahe-
dral sites in the Li layer through tetrahedral sites. Even if
the M-ion can migrate to the tetrahedral position, the large
repulsive interaction between the migrated M-ions and the
face-shared M-ions will impede further migration; thus, it
is almost impossible for the layered-to-spinel phase transi-
tion to occur in O2-type FMCMs [78].
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4.5 New-Type FMCMs

Recently, a new type of FMCM was reported with the intro-
duction of percolation theory to LIBs [65, 105]. This cath-
ode also has a rack-salt structure (the space group: FmR3m
m) and a close-packed oxygen framework similar to that
of a layered structure, but the atomic arrangements of Li-
and M-ions are different. The Li- and M-ions in the lay-
ered structure occupy alternate (111) planes. For this new
cathode, Li- and M-ions are mostly randomly distributed in
metal layers, i.e., the so-called cation-disordered rock-salt
cathode materials, as shown in Fig. 3g.

5 Issues and Challenges of FMCMs
5.1 Common Issues

Although FMCMs exhibit considerable attraction because of
their significant advantages, various barriers still exist and
greatly hinder the penetration of FMCMs into the market
due to the electronic, coordination structure of Mn ions and
electrodes’ crystal structure [30, 40]. Most common TM
oxide cathodes have six ligands symmetrically arranged
around their central TM atoms, leading to octahedral (Oh)
coordination [100, 106]. According to ligand field theory,
the five 3d orbitals in the octahedral environment split into
two degenerate orbitals, generally, t,, orbitals (3d,y, 3d,., an
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Fig.4 Common issues and challenges of FMCMs. a Jahn-Teller dis-
tortion of the high spin state Mn**. Adapted with permission from
Ref. [106]. Copyright 2020 American Association for the Advance-
ment of Science. b Adapted with permission from Ref. [98]. Copy-
right 1981 Elsevier. ¢ Two main mechanisms of Mn-ion dissolution.
Adapted with permission from Ref. [106]. Copyright 2020 American
Association for the Advancement of Science. d Capacity retention of
optimized and nonsubstituted spinel/Li cells at different temperatures.
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d,.) and e, orbitals (3d,._,» and 3d.»), as shown in Fig. 4a
(left) However due to the hlgh spin state Mn** ion, whose
electron distribution is t2g o !, the ligand field in high-spin
state Mn**-containing Li-Mn oxides distorts the six-equiv-
alent M—O bonds (left) into four shorter equatorial bonds
and two longer axial bonds (right), which further splits the
energy level of d orbitals, as indicated in Fig. 4a. This phe-
nomenon is called J-T distortion [112, 113], which involves
the partial removal of the atoms’ d-electron degeneracy in a
crystal field and then reduces the lattice symmetry. Coopera-
tive J-T distortion further significantly impacts the symmetry
of the electrodes’ crystal structure, which accounts for the
lack of ideal layered R3m LiMnO, [76, 113—115]; for spinel
LiMn,0O,, the unit cell volume change is too drastic for the
electrodes to maintain structural integrity during continuous
cycles, which is one important reason for the rapid capacity
degradation in the spinel LiMn,O, electrode through the
3.0 V region [30, 36].

Another common problem is Mn-ion dissolution, which is
a challenging issue in most Mn-based cathode materials. It
directly compromises the crystal structural integrity, greatly
degrading the capacity and cycle performance of batteries;
moreover, the dissolved Mn ions will migrate through the
liquid electrolyte and deposit on the surface of the anode
material, causing serious damage to the solid electrolyte
interface (SEI) film formed between the electrolyte and the
anode materials, further decreasing the batteries’ electro-
chemical performance [116, 117]. Many studies have been
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conducted in this area, but there is no consensus on the
mechanism of Mn-ion dissolution. According to previous
studies, the following two main Mn-ion dissolution mecha-
nisms were proposed: (i) a disproportionation reaction of
Mn** 2Mn** — Mn** +Mn**) occurred, and then Mn>*
dissolved in the electrolyte, as shown in Fig. 4b [89, 98,
118]; or (ii) corrosion of cathode materials occurred due to
acidic substances in the electrolyte, causing Mn-ion dissolu-
tion, as shown in Fig. 4c [119-121]. Both mechanisms are
correlated with J-T distortion, and J-T distortion may facili-
tate the disproportionation reaction of Mn>* and/or induce
higher reactivity with an acid (such as HF that is generated
in the electrolyte due to the hydrolysis of the LiPF, salt)
[122—124], thus increasing Mn-ion dissolution in LIBs [106,
125]. However, a few groups found that as the electrode
became overcharged, the dissolved Mn?* ion concentration
also increased rapidly. The maximum dissolution occurs at
the end of charging, where the Mn-ion oxidation state is
4 +, indicating that there is some other significant mecha-
nism in addition to the ion disproportionation reaction. The
intrinsic instability in the delithiated state results in the loss
of MnO, to form a stabler single phase structure that cannot
be ignored [126, 127]. Furthermore, the interface reaction
between highly active delithiated MnO, and the electrolyte
deserves sufficient attention. These challenging issues occur
in almost all FMCMs and significantly impact the structural
evolution and electrochemical performance of FMCMs and
need to be deeply studied and resolved.

5.2 Problems of Spinel LiMn,0,

Spinel LiMn,O, can cycle well in the 4.0 V range at room
temperature. In the completely delithiated state, Mn,O, is
also a spinel structure, and thanks to the strong edge-shared
octahedral Mn,0O, array, Li ions can reversibly insert into/
extract from the tetrahedral sites without destroying its spi-
nel 3D framework [123, 128]. However, when cycled at an
elevated temperature, the performance degrades rapidly, as
shown in Fig. 4d, which is usually attributed to the disso-
lution of Mn ions into the electrolyte, electrolyte decom-
position at high voltages, and/or irreversible phase transi-
tion caused by J-T distortion in the lithiated state [26, 88,
107, 129, 130]. The reasons for the performance degrada-
tion mentioned above are not independent but more likely
a synergistic effect of all the following: J-T distortions
facilitate the disproportionation of Mn**, inducing higher
reactivity with acids, and Mn** can attack the electrolyte
and cause electrolyte decomposition. When discharged
to a lower voltage (3.0 V) range, extra Li ions can be
inserted into the empty 16¢ octahedral sites, which provide
another 145 mAh g~! capacity. Nevertheless, the Li ions
in 8a tetrahedral sites share a common face with Li ions
in 16¢ octahedral sites; thus, strong electrostatic repulsion

causes Li ions in 8a tetrahedral sites to displace into the
adjacent empty 16¢ octahedral sites (8a-to-16c), resulting
in an ordered rock salt structure with a new ion distribu-
tion of [Liy] ;6¢)[Mny](164)[Osl(32¢) [108, 128]. The collective
Li-ion migration from the 8a to 16c¢ sites results in a first-
order phase transition and a low voltage plateau when the
electrode is lithiated over the LiMn,O, composition [108],
which increases the difficulty of battery system management
in actual applications, as shown in Fig. 4e; furthermore,
LiMn,0, electrodes cycle poorly in the 3.0 V range as a
result of the destruction of the integrity of the spinel frame-
work. Meanwhile, the Li-ion diffusion pathway is blocked by
the J-T distortion and the mismatch between the tetragonal
and cubic lattices, leading to sluggish kinetics and capacity
deterioration during cycling [25].

5.3 Problems of LiMnO,

LiMnO, suffers greatly from the J-T effect because all Mn
ions here are trivalent valences of the high-spin state. In
both polymorphs of LiMnO, mentioned above, m- and
0-LiMnO,, the sublattice of oxygen anions is distorted
at room temperature from ideal cubic-close-packing as
a result of the cooperative J-T effect [99]. Considering
the synthesis conditions, they can be further divided
into the following two categories: low temperature (LT)
m/o-LiMnO, materials and high temperature (HT) m/o-
LiMnO, materials. LT 0-LiMnO, shows relatively better
cycling stability achieved by cycling on either the 4.0
or 2.8 V plateau [131]; nevertheless, roughly half of its
theoretical capacity can be released, which defeats the
purpose of obtaining high energy density. Cycling over
both plateaus, the LT 0-LiMnO, electrodes can provide a
relatively high capacity of 190 mAh g~!, while the capac-
ity retention with extended cycling appeared to be poor
[132]. The HT o-LiMnO, materials generally exhibited
better stability than the LT phases over a wide voltage
range [25, 90, 131, 133-136]. Unfortunately, all the stoi-
chiometric LiMnO, FMCMs experienced a severe lay-
ered-to-spinel phase transition under the cycling process,
as shown in Fig. 4f [109]. Moreover, it has been found
that charging o-LiMnO, electrodes to a higher voltage (a
deeper delithiated state) increases the speed of this trans-
formation, which limits the reversible capacity that can be
utilized practically [25]. m-LiMnO, is of high commercial
and scientific interest because its structure is analogous to
that of the successfully commercialized LiCoO, cathode
material, and the cost of manganese is far less than that of
cobalt. Stoichiometrically pure m-LiMnO, was first pre-
pared by a “soft” chemistry method—Li/Na ion-exchange,
and later, Tabuchi et al. reported another “soft” chemistry
method—hydrothermal synthesis of layered m-LiMnO,.
m-LiMnO, is not a thermodynamically stable structure;
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thus, HT stoichiometric m-LiMnO, is almost nonexistent.
m-LiMnO, prepared by “soft” chemistry methods, here
referred to as LT m-LiMnO,, delivered a considerable
capacity (>200 mAh g~!); however, they did not cycle
sufficiently, and subsequent discharges showed declin-
ing capacity and continuous layered-to-spinel phase
transition [46]. Ceder et al. [110, 111, 137] proposed
that the transformation of delithiated Li MnO, layered
materials into spinel occurred in two processes, as shown
in Fig. 4g. Specifically, in the first stage, a significant
portion of the Mn ions rapidly migrate into tetrahedral
positions surrounded by Li vacancies when the material
is partially delithiated, forming a metastable intermedi-
ate. The activation barriers for this are calculated to be
low, partly because the Mn migration into a tetrahedral
site is assisted by the charge disproportionation of Mn**
(2Mn**_,— Mn**  +Mn** ). In the second stage, the
tetrahedral Mn ions and the remaining octahedral Li ions
perform a coordinated rearrangement to form the final
spinel phase, which is slower because of its complexity
and higher activation barriers. Layered-to-spinel trans-
formation directly influences the voltage profile, and a
two-plateau voltage profile appears, which is obviously
different from that in other layered LiMO, (M =Ni, Co,
etc.) cathode materials and increases the difficulty of bat-
tery state monitoring.

Fig.5 a Hybridization of O 2p orbitals with the M d/s/p orbital. b
Li-O-Li configuration and unhybridized O 2p orbital. Adapted with
permission from Ref. [54]. Copyright 2016 Nature. ¢ Voltage pro-
file and gas evolution of pure Li,MnO;. Adapted with permission
from Ref. [139]. Copyright 2020 American Chemical Society. d
RIXS spectra on the O K-edge of Li, ,Ni;3Co, ;3Mn, 5,0, (excita-
tion energy =531.8 eV). Adapted with permission from Ref. [140].
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5.4 Problems of Li,MnO; and Li,MnO;-Based
Materials

Layered Li,MnOj is another important FMCM with a theo-
retical capacity of 458 mAh g~!. Generally, well-crystal-
lized Li,MnO; does not exhibit any electrochemical activity
under normal conditions; however, when cycled at higher
temperatures, it will deliver considerable reversible capac-
ity. Furthermore, Li,MnO; with oxygen vacancies, stacking
faults or nanostructures also shows obvious electrochemical
activity [57-60]. Understanding the origin of the anomalous
first charge capacity of Li,MnOj; and other Li,MnO5-based
materials presents a challenge and is still controversial. It
has been demonstrated that it is difficult to oxidize Mn**
ions in Li,MnO; to Mn>* [138]; however, some research
groups believe that Mn**'"* redox occurs at high potential
accompanied by Mn-ion migration to tetrahedral sites [96,
97], which cannot be ruled out because Mn’* ions might be
in a metastable state or serve as a reaction intermediate for
the oxidation of the O*~ ions forming molecular O, trapped
in the particles that is difficult to characterize.

Ceder et al. [54] proposed that the O 2p orbitals along
the Li-O-Li configuration form unhybridized O 2p states,
whose energy is higher than that of bonding O states, and
thus can be more easily oxidized, as shown in Fig. 5a and b.
The labile electron from unhybridized O 2p states along the
Li-O-Li configurations is the source of the extra capacity
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beyond the theoretical TM redox capacity in Li-excess mate-
rials, which is now widely accepted. However, new debates
have arisen over the specific forms of the oxidized O spe-
cies. Bruce et al. [139] proposed that singlet O, could be
produced at high voltage and interact with the electrolyte
to generate CO,. Once the oxide ions were uncoordinated,
the O-loss would dominate the oxygen evolution [143]. For
Li,MnO;, they quantitatively demonstrated that Li extraction
was only charge compensated by oxygen loss (O-loss) at the
shells of the particles during the first charge process rather
than the oxidation of the O*~ ions that were retained within
the crystal framework (O-redox) according to the operando
mass spectroscopy (Fig. 5¢) and °Li NMR spectra results.
This result was confirmed by Zhou et al. [144-146], who
also emphasized that the combination of surface carbon-
ate species decomposition and oxygen release, both in the
near-surface region, accounted for the first charge plateau of
Li,MnO;. However, interestingly, some groups found that
partial reversible oxygen redox was observed in Li,MnO;
[68, 147, 148]. Li-rich cathode materials exhibited signifi-
cant differences in the reversibility of O redox with pure
Li,MnO;. Bruce et al. [140] demonstrated that in addition
to oxygen loss, the removal of Li* was charge compensated
through the generation of localized electron holes on oxygen
rather than the formation of true 022_ dimer species by com-
bining various advanced characteristic technologies, such
as resonant inelastic X-ray scattering spectroscopy (RIXS,
Fig. 5d), soft X-ray absorption spectroscopy (sXAS), Raman
spectroscopy and X-ray absorption near edge structure spec-
troscopy. They further characterized molecular O, by RIXS
and 7O magic angle spinning nuclear magnetic resonance
(MAS-NMR) spectroscopy [141], as shown in Fig. Se—g,
which formed within the Li-rich cathode particles upon the
oxidation of O°~ at a potential of 4.6 V (vs. Li*/Li) during
the charge process and could be reduced back to 0>~ dur-
ing discharge but at the lower voltage of 3.75 V. In con-
trast, Zhou et al. [142] believed that for a typical Li-rich
Li, ,Nij,Mn, (O, cathode material, O"-O~ peroxo oxygen
dimers and the reversible O*~/O~ redox process were dem-
onstrated by applying in situ technologies such as Raman
spectroscopy and X-ray diffraction (XRD), as presented in
Fig. 5h. Interestingly, Xia et al. [149] discovered that the
oxygen redox reaction can be responded to in the form of
the telescopic O-Ru-O configuration by local symmetry
manipulation rather than O-O dimerization. Altogether,
there are still a few mysteries and controversies surround-
ing the charge mechanism in Li,MnO; and Li,MnO;-based
cathode materials [150], and more work needs to be done,
especially on the specific forms and evolution of the oxi-
dized O species during the cycle process. On the other hand,
in both pure Li,MnO; and Li-rich cathode materials, O-loss
appears, and the amount of pure oxygen redox leads to the
evolution of much O, gas or CO, gas [30, 139, 151], which

was characterized by differential electrochemical mass spec-
trometry (DEMS), as shown in Figs. Se and 6a, resulting in
an irreversible structure transition, formation of a surface
dense phase and poor electrochemical activity [60, 103,
139].

Furthermore, Li,MnOj; has a large bandgap and sluggish
O redox, leading to poor rate performance and making it less
attractive to the industry [153—-156]. Therefore, research-
ers have paid more attention to Li,MnO;-based materials,
mainly Li-rich cathodes (Li,MnO;* LiMO,, M=Ni, Co, Mn
et al.), which exhibit better electrochemical performance
due to the introduction of Ni, Co and other active elements
with layered LiMO, structures. Li-rich cathodes can release
higher capacity by combining cationic TM redox with ani-
onic O redox rather than pure O redox in Li,MnO; and have
quite good cycle stability [95, 157, 158]. However, Li-rich
cathodes exhibited obvious voltage decay during subsequent
cycles [152, 158-162], as shown in Fig. 6b. Voltage decay is
a unique problem in Li-rich cathodes compared with other
cathode materials. Its major detrimental effect is the dif-
ficulty of building an effective battery management system;
additionally, the practical output energy density decreases as
the voltage fades, thus greatly hindering commercial appli-
cations of Li-rich cathodes [159, 163].

Another challenging issue in Li,MnO;-based materials is
the less-studied voltage hysteresis. Voltage hysteresis causes
huge energy loss and presumably dissipated in the form of
heat, consequently resulting in additional energy costs for the
end user, which also complicates the thermal management
and state monitoring of batteries [160, 164—168]. Generally,
voltage hysteresis can be roughly regarded as the charge and
discharge voltage deviating from the equilibrium potential
under the same Li content, which has the following two ori-
gins: dynamic and thermodynamic [169, 170]. Voltage hys-
teresis originating from dynamic origins, the so-called over-
potential, can be decreased either by reducing the impedance
resulting from charge transport or by reducing the current
density and can be so small that it almost vanishes when the
current is decreased to a sufficiently small value [169]. The
thermodynamic origin hysteresis is usually path dependent,
originating from the asymmetric reaction pathways during
the charge/discharge process, and consequently, has differ-
ent intermediate phases with different Gibbs free energies
that show different charge/discharge voltage values, which
is a thermodynamic hysteretic characteristic [171, 172].
Early researchers found that the first cycle voltage curve of
an Li,MnO;-based cathode material is significantly differ-
ent from the following cycle curves [95, 165], as shown in
Fig. 6¢ and d. The 4.5 V plateau and lower initial Coulombic
efficiency, as shown in Fig. 6¢c, was explained by the activa-
tion of the Li,MnO; component, accompanied by O-redox,
O-loss and ion rearrangement. However, more details about
the ion rearrangement are still needed [173—175], and there
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Fig.6 Issues and challenges in Li,MnO;-based materials: a O, evo-
lution; adapted with permission from Ref. [140], copyright 2016
Nature; b voltage decay; adapted with permission from Ref. [152],

is still no direct characterization to quantify the relationship
between the structural response and performance curves.
Furthermore, it was puzzling that galvanostatic intermittent
titration technique (GITT) results showed that the charge/
discharge voltage in Li-rich cathodes with the activation of
the Li,MnOj; component did not return to the same equilib-
rium potential after sufficient relaxation time, and the volt-
age gap was approximately 200 mV, which was in contrast
with that in common layered LiMO, (M =Co, Ni, etc.) cath-
odes or Li-rich cathodes without Li,MnO; component acti-
vation [160, 165, 170]. Moreover, researchers also observed
the following interesting phenomenon: generally, when heat-
ing an electrode system, the slow Li-ion diffusion and migra-
tion process in a solid matrix could be accelerated. However,
Ohzuku et al. found that the hysteresis loop observed in a
Li-rich cathode material at 55 °C was larger than that at
room temperature [176]. These results suggest that voltage
hysteresis in Li,MnO;-based Li-rich cathode materials is
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nonnegligible, significantly different from other traditional
layered cathodes and more complicated. The origin of volt-
age hysteresis in Li,MnO;-based Li-rich cathodes and the
corresponding solution urgently needs to be developed.

6 Strategies and Progress
6.1 For Spinel LiMn,0,-Based Cathodes

As mentioned above, when the spinel LiMn,0, electrode
experiences a low voltage discharging process, it will show
a two-voltage plateau, fast capacity degradation and poor
rate capability. Therefore, spinel LiMn,O, electrodes are
currently mainly cycled in the 4.0 V range when used as
commercial cathode materials. However, they still suffer
from significant capacity deterioration at elevated tempera-
tures, which is strongly related to Mn dissolution caused
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by Mn-ion J-T distortion and/or disproportionation reac-
tions. Therefore, methods that can restrain Mn dissolution
are provided to enhance the electrode performance [107].
According to its formula, half of the Mn ions are high-spin
state Mn>* ions; thus, strategies used to increase the average
valence of Mn ions could work effectively, such as the use
of a monovalent cation (mainly Li*) or divalent cation dop-
ing (Mg**, Zn*, etc.) [177-180]. Certainly, trivalent cation
doping is also common and effective and can be divided into
the following two parts: inactive trivalent cation doping and
active trivalent cation doping. AI** was early and widely
used as an inactive doping ion [181, 182]. The calculated
Al-O bonding was much stronger than Mn—O bonding [26];
thus, AI’* substitution might suppress the expansion or con-
traction of the spinel during Li insertion/extraction. Ga, La,
etc. [183, 184] were also used to improve the electrode per-
formance; however, because those ions did not have electro-
chemical activity, the practical capacity was reduced. Active
ions, such as Cr, Co, and Ni, were also used as doping ions
[185]. The cycle stability of Cr-doped materials is improved
by stronger Cr—O bonds [186], suppressed local distortion
(MOg octahedra), and decreased volume shrinkage. Co ions
and Ni ions partially replaced Mn ions in LiMn,0, [185,
187-189]; thus, the proportion of Mn** ions increased and
the J-T distortion caused by high-spin Mn>* ions was also
suppressed, leading to better capacity retention than that
achieved with undoped spinels, and more Co or Ni ion dop-
ing will build high-voltage spinel cathodes [190-198], which
will not be discussed in this paper. Tetravalent or higher
valence cation doping was also investigated; however, the
incorporation of high-valent ions might accelerate Mn dis-
solution in the doped spinel material due to the increase
in the Mn**/Mn** ratio [199, 200]. Certainly, studies have
also developed multiple ion doping methods, such as com-
bining different TM ions or anion—cation cooping [183,
201-204], because these ions could cooperate with others
to enhance the electrochemical performance to some extent.
In recent years, some progress has been made in the research
of blending modified cathode materials, which has proven
to be a promising approach to improve the electrochemical
performance in battery production processes. For LiMn,0O,,
researchers found that blending LiMn,0O, with other cath-
ode materials, such as LiCoO,, LiFePO, and Ni-based cath-
odes [205-209], can inhibit the dissolution of Mn ions and
improve the thermal stability of these materials, greatly pro-
moting the wider application of LiMn,O, cathode materials.

Because Mn dissolution usually occurs at the surface
of the electrode, surface modifications [210-213], such
as coating and surface doping, are another controllable
and effective approach to stabilize the cathode/electrolyte
interface (CEI) and/or create an artificial protective layer
that prevents the dissolution of Mn in the LiMn,0, spi-
nel. Inactive oxides, fluorides, or phosphates are common

coating materials that work as HF scavengers to effectively
suppress HF damage and hinder the spinel particles from
directly contacting the electrolyte, thus inhibiting Mn dis-
solution and maintaining structural integrity during cycling
[214-221]. Surface ion doping, such as with Ni, Al and Mg
[210, 222, 223], greatly enhanced the electrode stability.
Furthermore, many functional electrolyte additives, such
as tris(trimethylsilyl) borate, vinylene carbonate, and suc-
cinic anhydride [224-226], were developed to eliminate HF
and H,0, thus modifying the solid (the anode and cathode)-
electrolyte-interface layer and further promoting the wide
application of LiMn,0,-based materials.

6.2 For LiMnO,-Based Cathodes

None of the LiMnO, materials mentioned in Sect. 4.2 dis-
played sufficient electrochemical performance. To the best of
our knowledge, methods applied to enhance the performance
of the 0-LiMnO, structure are limited [91, 134, 227-232],
and m-LiMnO, has received much more attention [25].
LT layered m-LiMnO, exhibited rapid capacity fading and
severe layered-to-spinel transformation during subsequent
cycles [46, 47]. Later, Bruce et al. further reported that par-
tial replacement of Mn with Co or Ni in the NaMnO, pre-
cursor can significantly enhance the cycling stability and
rate capability of the LiMnO,-based material through ion
exchange [233-239]. Interestingly, the ion-exchange sam-
ples with approximately 10% Co or Ni substitution exhibited
R3m lattice symmetry rather than C2/m lattice symmetry,
and the layered-to-spinel transformation was also slowed.
It should be noted that the soft chemistry method is not an
industrial solution, as the cost is too high. HT m-LiMnO, is
more attractive, but pure m-LiMnQO, is almost impossible to
use at high temperatures; thus many groups were in search
of high Mn-based m-LiMnO, with small amounts of other
doped metal ions [240-242]. Researchers found that a stable
layered m-LiMnO, structure could be synthesized at high
temperatures (> 900 °C) by substituting 5%—10% of the Mn
with AI**, Cr** or Ga®* ions [25, 243-246]. The HT Al/Ga-
substituted LiMnO, showed that the substituted elements
served only to slow the transformation from a layered to
spinel structure but did not prevent it from occurring. How-
ever, Cr substitution was particularly effective in inhibiting
the layered to spinel phase transition, but the cycling sample
underwent the first stage of this transformation, which was
discussed in Sect. 5.3, and showed that a portion of the Mn
ions were displaced in a disorderedly way from the initial
octahedral sites to the tetrahedral sites located between the
TM and Li layers [243]. Moreover, Cr ions are highly bio-
toxic. Sufficient Ni and/or Co doping makes a remarkable
difference; however, such materials are no longer inexpen-
sive compared with FMCMs, although they have been exten-
sively used in electric vehicles [247-249]. Overall, there
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has been some progress in the stabilization of LiMnO, elec-
trodes, but more studies are needed.

6.3 Li,MnO;-Based Cathodes

Pure Li,MnO; undergoes severe O, release, side reactions
and phase transitions and does not show the expected per-
formance; thus, the modification of Li,MnO; is relatively
low and does not show a significant effect. Li,MnO;-based
Li-rich cathode materials (or Li,MnO;*LiMO,; M =Mn,
Co, Ni, etc.) have received increasing attention since they
were first put forwards due to their higher energy density
based on cationic and anionic redox, although their struc-
tures were more complicated. Some researchers proposed
that Li,MnO;-based Li-rich cathode materials are composed
of C2/m Li,MnO; and R3m LiMO, nanocomposite phases
[157, 250-252], but many believed they are composed of
a C2/m or R3m solid solution [253-255]. Furthermore, O,
release resulting from Li,MnO; component activation also
appeared in Li-rich cathode materials. Modifications, such
as doping, coating and surface treatment [256-261], were
adopted by many groups to reduce the oxygen activity or
impede O, gas generation to advance the electrochemical
performance of Li-rich cathode materials, and some good
results were obtained.

Voltage decay is an important and challenging issue hin-
dering the application of Li-rich cathode materials, as men-
tioned above; therefore, many studies have investigated the
origin and mechanism of voltage decay, and various attempts
have been made to address this problem. Actually, Li-rich
cathode materials can cycle well at low charge cut-off volt-
ages of <4.5 V without voltage decay or hysteresis, where
the Li,MnO; component is not activated; however, this is at
the cost of losing much capacity. Almost all problems occur-
ring in Li-rich cathode materials originate from the activa-
tion of Li,MnO; accompanied by oxygen redox evolution
and TM-ion rearrangement. Tarascon et al. [163] proposed
that TM migration between TM layers and Li layers (TM
ions trapped in tetrahedral sites) was an intrinsic feature of
the electrochemical process and showed a strong correla-
tion between TM migration and voltage decay. Chen et al.
[155, 262] proposed that the oxygen vacancies and the Li
vacancies generated during the extraction of Li ions were
responsible for Mn ion migration into the Li layer, which
accounted for the voltage decay of Li,MnO;. A considerable
number of researchers tended to associate this voltage decay
in Li-rich cathodes with structural effects, more specifically,
with the formation of spinel-like domains and/or cubic rock
salt phases [263—-268]. With the help of neutron powder dif-
fraction (NPD), Mohanty et al. [269] proposed that the struc-
tural layered-to-spinel evolution in Li-rich cathode materials
occurred through a tetrahedral cation intermediate. Specifi-
cally, at first, Li-ions in Li-layers diffused from octahedral
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to tetrahedral sites (Lij joct — Lij jtet), followed by the dif-
fusion of the Li-ions in TM-layers from the octahedral sites
to the tetrahedral sites of the Li-layer (Lipy0ct— Lij ;tet);
then, TM-ions migrated from the TM-layer octahedral sites
to the “permanent” Li-layer octahedral sites via Li-layer
tetrahedral sites (Mnqy0ct— Mn jtet — Mn, ;oct), resulting
in the formation of a spinel-like phase and voltage decay.
Wang et al. [263] observed that two different layered struc-
tures, i.e., R3m LiMO, and C2/m Li,MOj phases, in Li-rich
cathode materials progressively transform to spinel struc-
tures, which correspond to the continuous voltage fading.
Some researchers believed that the spinel structure further
converted to a NiO-type rock-salt phase [270] because of
the structural instability caused by the high charge voltage
(>4.6 V). By employing scanning transmission electron
microscopy (STEM), they found that a spinel-like phase
was formed in the intermediate area between the layered
structure and the disordered rock-salt phase. The forma-
tion of a spinel-like phase and disordered rock-salt phase
accounted for the voltage decay and capacity degradation
of Li-rich cathode materials during continuous cycles. Hu
et al. found that nanosized microstructural defects, especially
the large number of grain boundaries produced by prelithi-
ation, greatly accelerated O-loss and voltage decay [271].
They also believed that the lower-voltage Mn**/Mn** and
Co**/Co’* redox couples could be activated by the layered-
to-spinel phase transition and oxygen release, thus leading
to continuous voltage fading [152]. Therefore, strategies
involving manipulating the oxygen activity (such as reduc-
ing O redox activity or inhibiting O, release), especially oxy-
gen ions exposed to the surface, and avoiding TM migration
can be exploited to improve the voltage stability. Surface
modification methods, such as coating, surface doping, etc.,
are effective in alleviating voltage decay. Many inert oxides,
fluorides or metal phosphates against electrolytes [272-275],
such as Al,O;, CeO,, TiO,, AIPO, and AlF;, were utilized
as coating materials to maintain the oxygen vacancies gener-
ated through anion redox or to maintain structural integrity.
Carbon-based material coatings can not only prohibit O,
release but also increase the electrode conductivity, there-
fore improving the electrode cycle stability and rate capa-
bility [260, 276]. Meng et al. [277] directly constructed a
surface with oxygen vacancies to achieve delicate control
of oxygen activity, and a significant difference in electrode
performance was achieved. Surface-ion (Nb, Ru, etc.) doped
Li-rich cathode materials showed quite good performance
thanks to the stabilized surface structure, which exhibited
moderate oxygen redox activity during the cycle process
[258, 278]. Many groups constructed stabler spinels or no
Li-excess shells, which significantly avoid severe oxygen
loss [279-282]. Zhu et al. [282] reported a Li-gradient struc-
ture of TM oxides obtained by a selective molten molybdate-
assisted Li—O leaching process that displayed virtually zero
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oxygen loss and exhibited extraordinary performance. Bulk
doping was also adopted by researchers to tune the bulk elec-
tronic structures to alter the electronic state. For example, Li
et al. [261] doped polyanions (BO3)3_ and (BO4)5_ into Li-
rich cathodes to decrease the energy level of O 2p to reduce
the anion activity. Some active TM ions were also used to
participate in charge compensation to reduce the degree of
oxygen redox, and a few groups maintained the ratio of the
capacity contributed by O, Mn, Ni, etc., to the redox reac-
tion to avoid lower-voltage redox couples from occurring
by using more active ion centres as buffer zones [283-285]
or through artificial surface prereconstruction [286], which
greatly stabilized the voltage during the cycling process
as well. Moreover, large-scale atoms, such as Zr, Sn, and
La, were also applied to mitigate TM migration [287-289],
inhibiting the transition from layered to spinel structures,
stabilizing the layered structures, and thus avoiding severe
voltage decay. Furthermore, in regard to the structure corre-
lated with voltage decay, there is no doubt that voltage decay
is associated with its O3-type crystal structure, in which the
migration of TM ions to octahedral sites in Li layers and lay-
ered-to-spinel phase conversion can easily occur [77, 290].
Therefore, new structures that can avoid layered-to-spinel
transitions have been explored by some research groups. It
has proven almost impossible for O2-type Li, MO, to experi-
ence a layered-to-spinel transition because the oxygen lattice

rearrangement requires breaking all the Mn—O bonds. Based
on this, a few groups successfully synthesized a few O2-type
Li-rich cathode materials via ion-exchange methods, which
exhibited stable voltage curves without voltage fading [77,
104, 290, 291]. In summary, voltage decay in Li-rich cath-
odes has been well studied and resolved.

The voltage hysteresis research is currently stuck in
the phenomenon description and qualitative explanation
phase, and only a few relevant studies have examined it or
attempted to solve it. There are a few mechanisms proposed
to account for the voltage hysteresis in Li-rich cathode mate-
rials, such as sluggish O redox behaviour, reversible TM
ion migration, and a combination of these factors. Some
researchers have proposed that the sluggish solid-state redox
reactions of oxide ions are responsible for voltage hysteresis
[95, 295], which also occurs in Li-O, batteries and causes a
huge overpotential [292, 296, 297]; howeyver, it brings some
problems. (i) GITT cannot eliminate the voltage gap (over-
potential) in Li-rich cathodes [170], which is different from
that in Li-O, batteries [292, 297], as shown in Fig. 7a and
b. The O species formed at high voltage in a Li-rich cath-
ode is coordinated with high-valence TM ions rather than
TM atoms in Li-O, batteries. (ii) the O redox is not slow
(Fig. 7c) [28]. (iii) Voltage hysteresis at the voltage region
of oxygen redox is quite small (4.6-3.5 V), which is appar-
ent only in the full voltage range (Fig. 7c and e) [165]. (iv)
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Oxygen-redox-involved cathode materials can also exhibit
small voltage hysteresis (Fig. 7f and g) [293, 294, 298, 299].

A few voltage window experiments were conducted and
showed that anionic oxidation at high potential seemed to
correspond to a reduction at substantially lower potential
[95, 165, 300, 302], as shown in Fig. 8a. Croy et al. [165,
168] believed that the reversible migration of TM ions
between the octahedral sites in the TM layer and the meta-
stable tetrahedral sites in the Li layer could affect neighbour-
ing Li ions, so a small percentage of Li ions could experi-
ence a hysteresis of approximately 1 V in the site energy, and
irreversible TM migration caused continuous voltage decay,
as shown in Fig. 8b. Some groups proposed that the partially
reversible migration of TM ions decreased the potential of
the bulk oxygen redox couple by >1 V, resulting in a reor-
dering of the redox potentials of anions and cations during
cycling [95, 300], which can well explain the first cycle volt-
age profile; however, they do not further explain the hys-
teresis in subsequent cycles (Fig. 8c). Doublet et al. [301]

unified the picture of anionic redox in Li/Na-ion batteries
and proposed that O exhibited different reversibility at dif-
ferent redox states, as shown in Fig. 8d, which significantly
impacted the voltage profile. Once the metallic band located
between the 6* and ©* bands (the horizontal blue line (1)-(2)
region) resulting from O-O pairing (as the O-O distance
shrank, the narrow O(2p) lone band split into &, &, ©* and
o* discrete bands) formed, (02)2_ peroxides could form. Due
to the inversion of the 6*/M(d) band, a cationic reduction
was expected to occur in the first-step discharge process,
resulting in voltage hysteresis. Tarascon et al. [164] revealed
that cationic redox was fully path-reversible, while anionic
redox adopted different metastable paths with nonidentical
enthalpy potentials on the charge and discharge processes
and was responsible for the quasistatic voltage hysteresis;
additionally, the quasistatic voltage hysteresis was associated
with heat dissipation due to the production of nonequilib-
rium entropy, which provided a good understanding from
the thermodynamics’ view (Fig. 8e). Recently, focusing
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cathode materials and the corresponding O redox and TM migration
evolution. Adapted with permission from Ref. [300]. Copyright 2017
Nature. d The oxidation process dynamics in charge-transfer alkali-
rich TMOs. Adapted with permission from Ref. [301]. Copyright
2019 Nature. e Proposed mechanism for hysteretic bulk anionic redox
in activated Li,Ru,-5Sn,,50;. Adapted with permission from Ref.
[164]. Copyright 2019 Nature
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on cation-disordered rock-salt cathode materials, they suc-
cessfully captured dynamic ligand-to-metal charge transfer
(LMCT) processes and believed that the LMCT process
could account for anionic redox activation, cationic-anionic
redox inversion, and voltage hysteresis [303, 304].

Bruce et al. [305] first demonstrated that the first-cycle
voltage hysteresis in O-redox cathodes was controlled by
the superstructure, specifically the local ordering of Li- and
TM-ions in the TM-layers, as shown in Fig. 9. They crea-
tively synthesized two sodium lithium manganese oxides
(NLMO) with different superstructures in TM layers that
exhibited obviously distinguished voltage profiles (Fig. 9a
and b). After sufficient experimental characterization and

Honeycomb-ordered Na, ;s[Li, ,5Mng 7510,

theoretical calculation (Fig. 9c—g), they found that the super-
structure significantly influenced the behaviour of O redox as
follows: [305] molecular O, formed inside the honeycomb-
ordered Na, ;5[Li, ,sMng 75]0, solid upon charging, whereas
in ribbon-ordered Nay 4[Li, ,Mn 4]O,, Mn-ion disordering
was inhibited, and as a result, O, formation was mitigated,
leading to stable electron holes on O~ and less voltage hys-
teresis, which was confirmed by higher resolution RIXS
spectroscopy.

Recently, they further showed that this phenomenon also
took place in a Li-rich Li, ,Ni; 13Co, ;3Mn, 5,0, cathode
material [141]. It was molecular O, rather than O,>~ as the
species of oxidized O~ that formed in the deeply delithiated
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state due to the intralayer TM-ion disordering associated
with the honeycomb-ordered structure loss, which thus
provided vacancy clusters to accommodate molecular O,,
as shown in Fig. 10a. By combining RIXS and 'O MAS-
NMR spectroscopy (Fig. 10b), they proposed that these O,
molecules were reduced back to 0>~ upon discharging to a
lower voltage of 3.75 V, which was very similar to the pro-
cess observed in NLMO cathodes. To provide a reasonable
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explanation for these intriguing experimental results, DFT
calculations were performed. They calculated a total of 60
unique configurations out of all 500 nonsymmetry-equiva-
lent configurations, as shown in Fig. 10c, and found that the
ground-state configuration contained two O, molecules and
a four-vacancy cluster and was the lowest in energy com-
pared with other computed configurations. Using this stable
configuration, they calculated an average voltage of 3.75 V
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versus Li*/Li, which was consistent with the experimen-
tal discharge voltage. Finally, a single unified model was
proposed involving O*~ oxidation to form O,, of which a
very small fraction evolved from the surface and most was
trapped in the bulk. They also attempted to use this model to
explain the voltage hysteresis in Li-rich cathode materials,
as shown in Fig. 11 [306]. During the initial charge process,
Li" in pristine structure A is extracted from the TM layer
to form structure B, and later, driven in part by the energy
stabilization obtained from O, formation, this evolution is
followed by structural relaxation and honeycomb ordering
loss across the plateau through in-plane TM migration to
produce structure C. During the discharge process, the dis-
ordered atomic arrangement remains, but Li* ions return to
the TM layers and occupy the vacancy clusters to form D.
After the first cycle, the O,, states change substantially with
the change in the O coordination structure. The O-ions that
have four coordinating Li ions and two coordinating TM
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Fig. 11 a First- and second-cycle curves of Li-rich cathode materi-
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als. b Schematics of voltage hysteresis in Li-rich cathodes. ¢ O local

coordination environment and corresponding band structure in pris-

ions (O-TM,Li,) are lower in energy than those that have six
coordinating Li ions (O-Lig). This is why the first discharge
voltages are distinct from and far lower than the first charge
voltages. During the second and subsequent cycle processes,
TM-layer disorder remains throughout, so the charge/dis-
charge curves are more similar, but the path-dependent volt-
age hysteresis still exists, which could be explained by the
strain release from O, formation and reduction.

The above models provided various qualitative explana-
tions of voltage hysteresis in Li-rich cathode materials, but
quantitatively correlating hysteresis behaviour with oxygen
redox or TM migration is still an unclear and challenging
problem. Furthermore, when we examine the ion rearrange-
ment during the activation of the Li,MnO,; component, many
problems arise, and too much detail is missing. The follow-
ing questions need to be addressed. (i) Why is the oxygen
redox reaction occurring in pure Li,MnO; different from
that occurring in Li-rich cathode materials, and what are
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the roles of other active TM ions, such as Ni and Co? Fur-
thermore, why do some Li,MnO; materials exhibit certain
electrochemical performance or anion redox reversibility?
(i) To what extent and how are the atoms rearranged dur-
ing the activation process? (iii) What sites do the atoms
occupy at different states of charge or discharge, and are
these sites thermodynamically stable? How can this be accu-
rately characterized? (iv) How do atoms migrate during the
subsequent cycle process? (v) How do the composition and
phase structure of the electrode from particle to particle and
surface to bulk change during the charge/discharge process?
(vi) In the subsequent charge/discharge cycles, why does the
activated structure not display complete reversibility, and
why can GITT not completely eliminate the voltage gap?
More work needs to be conducted to explain this thorny but
crucial issue.

7 Novel Materials and New Methods

Researchers have made many efforts and achieved signifi-
cant progress in the study of traditional FMCMs in recent
decades. Encouragingly, a few novel FMCMs and new
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modification methods have recently been developed by some
groups, and great breakthroughs have been made.

7.1 Cation-Disordered Rock Salt and Partially
Ordered Oxide Cathodes

Cation-disordered rock-salt oxide cathodes were synthesized
and further studied by Ceder’s group after they first intro-
duced percolation theory into the LIB field [65, 105, 307,
308]. They found that the layered structure characteristic of
Li; 5;1Mog 467Cry 30, (LMCO) started to be lost after one
cycle and essentially disappeared after 10 cycles [65], as
shown in Fig. 12a. The STEM images of the cycled sample
displayed an obviously cation-disordered atomic arrange-
ment. Cation disorder has been considered detrimental to
Li* transport for decades because there are no 1D, 2D or 3D
Li-ion channels in such a structure. However, this LMCO
electrode still released a remarkably high reversible capac-
ity (>265 mAh g™1), even after disordering, as shown in
Fig. 12b, which is counterintuitive. They proposed that Li
diffusion proceeds in a cation-disordered rock-salt structure
that could be realized by octahedral-tetrahedral-octahedral
jumps (o-t-o diffusion). Li in the intermediate tetrahedral
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site was the activated state in Li diffusion. Considering
the number of TM ions that the activated state could share
faces with, they illustrated three possible types of diffusion
channels in Li-TM oxides, which were 0-TM, 1-TM chan-
nels and 2-TM channels, as shown in Fig. 12c. The energy
in the activated state reflecting the Li-ion migration bar-
rier was essentially dominated by electrostatic repulsion
between the activated Li* ion and its face-sharing species;
thus, it depended on the face-sharing species’ valence, the
available space for Li* ions and the face-sharing species’
relaxation. Both 0-TM and 1-TM channels could support
the o-t-o mechanism, but strong electrostatic repulsion to
the activated Li ions would occur in the presence of more
than two face-sharing TM ions. Fortunately, the 0-TM chan-
nels exhibited a relatively low barrier compared with that
in 1-TM channels, indicating that Li-ion migration could
easily occur in disordered LMCO electrodes. They further
demonstrated the feasibility of cation-disordered rock-salt
cathodes, as follows: as x in Li,TM,_,O, exceeds ~ 1.09 (the
percolation threshold), the 0-TM channel network could be
opened, as shown in Fig. 12d. Increasing the concentration
of Li in the electrode structure added more 0-TM channels to
a percolating 0-TM network, enhancing the network’s con-
nectivity. Thus, Li ions could hop through 0-TM channels
in cation-disordered rock-salt materials, achieving Li-ion
reversible de/intercalation. This type of material widens
researchers’ pot regarding cathode materials, which appar-
ently contains FMCMs, where great process has occurred
in recent years. Cation-disordered rock-salt Li,MnO;
(Li;[Li;;3sMn,;3]0,) or Li,MnOs-based FMCMs satisfy the
critical condition (Li> 1.09) and were synthesized by many
groups and exhibited considerable electrochemical activity
[66, 67, 70, 94]. Interestingly, stoichiometric LiMnO, with
a cation-disordered rock-salt structure was also developed
by Yabuuchi et al. [69], and good electrochemical activity,
which did not reach the percolation threshold according to
percolation theory, was demonstrated. They believed that
excess Li was not a necessary condition to extract Li ions
from the cation-disordered structure; instead, excellent elec-
trochemical performance could be achieved by shortening
the migration length of particles.

Moreover, a multielectron redox reaction based on unu-
sual Mn redox couples and O ions was then exploited by
some researchers to achieve ultrahigh capacity FMCMs. Pra-
long’s group first reported a cation-disordered “Li,Mn,0O5”
cathode material [27] that was prepared by using a direct
mechanochemical method. This ordinary material delivered
an extraordinary discharge capacity of up to 355 mAh g~!
through Mn>*/Mn**/Mn°" and a small amount of oxygen
redox, as confirmed by magnetic measurements. Subse-
quent in-depth DFT calculation results showed that the del-
ithiation process occurred via a three-step reaction pathway
involving the complex interplay of cation and anion redox

reactions [309]. During the first charge stage, the delithiation
process occurred mainly via Mn oxidation, Mn** — Mn**
(Li,Mn,Os 4>x>2); later, anions participate in charge
compensation, 0> -0~ (2>x>1); and finally, further
metal oxidation, Mn** — Mn>*(1 > x> 0), occurs. Tetra-
hedrally coordinated Mn** oxidized to Mn>* was energeti-
cally favoured compared to octahedrally coordinated Mn**.
Thus, they suggested that Mn ion migration to tetrahedral
sites was required in the final delithiation process towards
Mn,Os, which enabled Mn** oxidation to Mn’*. Based on
Mn?**/Mn*" and little oxygen redox, Ceder’s group also
achieved an energy density of nearly 1 000 Wh kg™' [18].
Through a combined strategy of high-valent cation (Nb>*,
Ti*") substitution and partial O~ replacement by F~, they
successfully synthesized Mn**-containing Li-rich cathode
materials. Such materials increase the diversity and des-
ignability of cathode materials. However, the rate capabil-
ity and cycle stability were not satisfactory in completely
cation-disordered rock-salt cathode materials [308]. Ceder
et al. [28] further adopted a new strategy by combining
substantial Li excess and a partial spinel-like cation order;
thus, they obtained a specific energy of > 1 100 Whkg! and
a discharge rate up to 20 A ¢!, which changed the stereotype
of slow Li diffusion in disordered materials and provided a
model for realizing both dense and ultrafast energy storage
in Li-ion cathode materials.

7.2 Manipulating Atomic Ordering and Structural
Symmetry

An increasing number of researchers are paying attention to
the arrangement and distribution of atoms in cathode materi-
als rather than just the crystal structure. Xia et al. [71] syn-
thesized an R3m Li-Mn-O Li-rich cathode via intralayer Li/
Mn disordering in the Mn layer, which showed high capac-
ity, excellent rate performance and good cycle stability, as
shown in Fig. 13a—c. Due to the specific atomic arrangement
and high structure symmetry, Mn>* ions in the as-prepared
material were in a low-spin state; thus, J-T distortion was
mitigated. The oxygen reactivity and Li-ion diffusion were
also modulated, exhibiting moderate oxygen redox activity
and fast 2D Li-ion channels. They further found that the
oxygen redox reaction occurring in intralayer Li/Ru disor-
dered Li,RuO; via the structural response of the telescopic
O-Ru-O configuration rather than O-O dimerization [149].
Cho et al. [310] explored the correlation between sustain-
able O-redox chemistry/TM migration and excess Li locali-
zation in Li-rich layered oxides. The calculation results
showed that the O p-band centre induced by the Li-O-Li
configurations near the Fermi level in the excess-Li locali-
zation Li-rich cathode material (L-LMR, Fig. 13d) shifted
upward compared with the delocalized excess-Li Li-rich
cathode material (D-LMR, Fig. 13g), as shown in Fig. 13e
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Fig.13 a HAADF-STEM images of R3m Lig 799Lig 20,Mng 7560,
projected along the [1010](R3m) direction. b Calculated Mn and O
DOS of C2/m Li[Li;;3Mn,;3]0, and R3m Lij700Lig 2,Mng 7560,. €
Electrochemical profiles of the R3m Li 70Lij »,,Mn 7550, electrode.
Adapted with permission from Ref. [71]. Copyright 2020 Wiley-

and h, respectively. Thus, D-LMR exhibits more moderate
and reversible O redox activity, as well as stabler structural
integrity than L-LMR, leading to outstanding performance,
as shown in Fig. 13f and i. These intralayer disordering
and/or delocalized excess-Li systems are available designs
for practically feasible Li-rich cathode materials with sup-
pressed TM migration and sustainable O-redox chemistry.
For spinel LiMn,0,-based FMCMs, Amine et al. [29]
demonstrated that stoichiometric LiMn,0, underwent a
severe irreversible phase transformation with unexpected
phase generation, such as Mn;0,, Li;Mn;0,,, and overlithi-
ated Li,Mn,0,, and particle surface cracks formed during
the charge/discharge process, leading to poor surface stabil-
ity and fast Mn dissolution. In turn, Mn dissolution com-
bined with J-T distortion further accelerated the irreversible
phase transition, leading to increased capacity degradation.
Therefore, a Li-rich LiMn,0O, with Li/Mn disorder and sur-
face reconstruction was developed to effectively inhibit the
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dissolution of Mn ions and the irreversible phase transition.
Even after 25 cycles, almost no unexpected phases were
detected in the XRD pattern. Pan et al. [311] further pro-
posed that cationic disordering could intrinsically suppress
the cooperative J-T distortion (CJTD) of Mn3+-06 octahedra,
prevent the elongation of Mn3+—06 octahedrons along one
direction and inhibit Mn>* disproportionation in the spinel
bulk. With such a strategy, they achieved double capac-
ity with good cycle stability in microsized LMn,0,-based
materials.

We believe that atomic ordering can significantly impact
electrode properties and electrochemical performance.
Manipulating the electrode crystal structure via a completely
disordered or partially disordered atomic arrangement can
significantly impact the stability and reversibility of the
cathode materials’ electrochemical performance. Going a
step further, a more uniform distribution of Li and/or TM
ions in the TM layers, such as intralayer ion disordering in
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TM layers or the concept of a superlattice (periodic Li/TM
arrangement in the TM layer), can also effectively impact the
material performance. The use of intralayer ion disordering
to control the performance of cathode materials has been
reported in both Li- and Na-ion batteries [71, 312, 313],
while the use of a superlattice to control the performance of
cathode materials has mainly been reported in sodium-ion
batteries. Partial superlattices consist of different transition
metal ions (TM/TM”) [314-318], and some are composed of
Li-, M-, and TM-ions with different ratios [74, 305]. Inter-
estingly, vacancies/TM ions can also form superlattices or
disordering arrangements in the TM layer, making a signifi-
cant difference in cathode performance [319-321]. In the
latest literature, FMCMs with various Li/V/TM orders were
designed and synthesized, which provided extra available
Li storage sites and highly stable, reversible anionic redox,
greatly promoting the development of FMCMs [72, 73, 322].

Structure symmetry is another important factor that can
affect cathode properties. Almost all traditional layered
LiMO, oxide cathodes with R3m symmetry show better
performance than C2/m LiMnO,. Li-rich cathode materi-
als, regarded as (C2/m LizMnO3)*(R§m LiMO,), also show
higher stability and reversibility than pure C2/m Li,MnO;
or (C2/m Li,MnO3* C2/m LiMnQO,). Certainly, we cannot
rule out the contribution of active TM ions (TM = Ni, Co,
etc.). Chen et al. [76, 113—115] predicted that low-spin state
Mn?* could exist; once LiMnO, had a structure with R3m
symmetry, then there might be no obvious J-T effect. Low-
spin Mn>* ions were indeed characterized in the intralayer
Li/Mn disordering R3m Li-Mn-O oxide material [71] and
benefited greatly to the electrochemical performance of
these FMCMs. Recently, Xia et al. [75] designed a LiMnO,
cathode with interwoven spinel and layered domains. The
Mn d,; orbitals were oriented perpendicular to each other at
the interface between these two domains, which gave rise to
interfacial orbital ordering and then suppressed the other-
wise cooperative J-T distortion and Mn dissolution, leading
to superior cycle performance. Works that manipulate the
electronic structure of Mn ions, especially the spin state,
deserve more attention.

7.3 Manipulating Oxygen Sublattice

The Mn migration and layered-to-spinel phase transition
occurring in layered LiMnO, or Li-rich Li,MnO;-based
cathodes are undoubtedly associated with the O3-type struc-
ture, which has the same close-packed oxygen sublattice as
the spinel structure [25]. Thus, a layered-to-spinel transi-
tion can be easily realized in Mn-based O3-type layered
oxide materials. Once Mn ions migrate to the intermediary
Li-layer tetrahedral site, it is possible for them to move to
neighbouring octahedral Li sites to complete the layered to
spinel-like transition [290], as the vacant octahedral sites

formed during delithiation in the Li layers share only edges
with MnOy octahedra. Therefore, it is possible to avoid the
transformation by preparing FMCMs with different oxygen
sublattices, such as tunnel-type or O2-type FMCMs. O2-type
FMCMs were proposed and synthesized by a few groups
early in the FMCM literature [77-79] and showed no obvi-
ous voltage decay, resulting from no layered-to-spinel phase
transition. For O2-type Li-TM-oxides, it is expected to be
unfavourable for TM ions to migrate from the intermediate
sites to adjacent Li sites due to the large electrostatic repul-
sion between face-shared cations. Thus, the layered-to-spinel
transition is highly unlikely to occur at room temperature in
O2-type cathode materials. A few groups have successfully
synthesized a series of O2-type Li-rich cathode materials
with excellent performance without obvious voltage decay.
However, controlling the oxygen sublattice in layered oxide
cathodes is achieved by the ion-exchange method, which is
not an industrial process. The use of an in situ electrochem-
ical method to directly synthesize FMCMs with different
oxygen sublattices or other new methods are worth studying.

7.4 Interface or Surface Redox

Relatively slow bulk-diffusion-controlled reactions generally
occur in intercalation-based positive electrodes, leading to
limited rate capabilities. Therefore, a few groups focused on
the interface or surface redox reaction [80-82, 323], simul-
taneously achieving high capacity and high rate capability.
Kang et al. [81] demonstrated that Li-free metal monoxides
(MO) that did not have Li-ion diffusion channels in their
crystal structure could be converted into high-capacity and
fast-rate cathode materials by initially decorating the MO
surface with nanosized LiF, as indicated in Fig. 14a. This
material exhibited a smooth voltage profile, higher capac-
ity and excellent rate performance, as shown in Fig. 14b
and c, which was ascribed to a surface conversion reaction
based mainly on Mn redox, unlike the classic Li intercala-
tion reaction. Xia et al. [82] showed that electrolytic-anion-
redox adsorption pseudocapacitance could be realized via
the reversible adsorption/desorption of PF,~ on the surface
of TM oxides (e.g., Mn;0,), with charge transfer between
Mn;0, and PF~ through Mn-F bonds, where F ions act
as redox centres, providing greater design freedom for
high-capacity and power energy storage devices, as shown
in Fig. 14d—f. Furthermore, these materials can also avoid
continuous variation of the voltage profile and poor stabil-
ity due to the progressive phase change and the collapse of
the material structure caused by the Li-insertion/extraction
mechanism in bulk.
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7.5 Entropy Stabilization Strategy

The entropy stabilization strategy could be a promising
approach to enhancing the electrochemical performance of
FMCMs. The entropy stabilization strategy has been widely
introduced in the field of conventional alloys for a long time,
and it has achieved great progress in energy conversion and
storage [324-326]. In our earlier research, from ordered
Li,MnO; to an intralayer cation-disordered Li-Mn-O cath-
ode to common Li-rich Mn-based cathode materials [60, 71,
261, 327], the cycle stability improved with an increase in
intralayered configuration entropy. Some high-entropy elec-
trode materials have been reported recently but have mainly
focused on sodium cathode materials, LIB oxide anodes and
cation-disordered cathode materials [328—333]. In fact, these
new classes of oxide systems, also known as high entropy
oxides (HEOs) [330], were formulated and reported with
the first demonstrations of transition-metal-based HEOs a
few years ago. Breitung et al. [329] presented some new
results on the electrochemical properties of several TM-
HEOs, such as the storage capacity and cycling stability of
HEO structures. It was shown that the stabilization effect of
entropy significantly enhanced the cycle stability and offered
important benefits for the storage capacity retention of
HEOs. Furthermore, it was observed that the electrochemi-
cal behaviour of the HEOs was dependent on each of the
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process between PF¢~ and Mn;O, and their charge-transfer process.
e Electrochemical profiles and f rate performance of the Mn;0, elec-
trode. Adapted with permission from Ref. [82]. Copyright 2020 Else-
vier

metal cations present, opening the door to tailoring the elec-
trochemical characteristics by simply altering the elemental
composition. Hu et al. [328] reported a new concept of high-
entropy chemistry for Na-ion cathodes. The layered O3-type
NaNi ;,Cug 1,Mgg 1Feg 15C0g 1sMng  Tig 1Sng 15D 040,
cathode exhibited good cycle stability and outstanding rate
capability, which were attributed to the multicomponent
transition metals’ accommodation of the local interaction
changes during Na* (de)intercalation. They further found
that multicomponent TMO, slabs with enlarged interlayer
spacing helped strengthen the entire skeleton structure of
layered oxides, leading to highly improved electrochemical
performance and thermal stability [334]. In the field of LIB
cathode materials, only a few high-entropy cation-disordered
cathode materials with considerable performance have been
reported [296, 335]. Multielement introduction could bring
synergistic effects, benefiting cycling stability and thermal
safety; thus, it deserves more attention.

7.6 Equipped with a Solid-State Electrolyte

Toxic, volatile and flammable organic electrolytes are
extensively exploited in commercial LIBs, and thus, there
are a number of potential safety issues, including electrolyte
leakage, fire, and explosion [336]. Solid-state electrolytes
are promising and are now attracting increasing attention



Electrochemical Energy Reviews (2023) 6:20

Page 250f38 20

because of their high safety, wide operating temperature
range and convenient recovery [337]. Furthermore, solid-
state electrolytes allow the use of Li metal as the anode.
This in turn increases the cell voltage and thereby increases
the energy density of the battery. Current solid-state elec-
trolyte systems can be broadly classified into the follow-
ing three categories: (1) inorganic electrolytes (oxide-based
solid electrolytes, sulfide-based solid electrolytes, etc.), (2)
solid polymer electrolytes (SPEs), and (3) composite elec-
trolytes. FMCMs, especially high-voltage and high-capacity
FMCMs, equipped with solid-state electrolytes will make
a significant difference; in addition to the benefits of high
safety and high energy density, the common issue is that Mn
dissolution can be theoretically addressed by solid electro-
lytes, which will become one of the most important develop-
ment directions in the future.

After nearly a century of exploration and development,
certain achievements have been made in the development
of solid electrolytes, but a few shortcomings and challenges
have been encountered on the way to commercialization that
need to be solved. As battery performance greatly depends
on the diffusion properties of Li ions within the electrolyte
and the interface compatibility, solid electrolytes need to have
high ionic conductivity, negligible electronic conductivity
and good infiltration; furthermore, given practical applica-
tions, solid-state electrolytes should have good mechanical
properties. Almost all inorganic oxide electrolytes face the
problems of poor electrode—electrolyte interface contact, and
the interface stability is also poor during cycling, leading to
a rapid increase in interface impedance and a fast decrease
in capacity [338]. Therefore, oxide solid electrolytes often
require the addition of some polymer components and mixing
with trace ionic liquids/high-performance lithium salts and
electrolytes or the use of auxiliary in situ polymerization to
manufacture quasisolid batteries to retain some safety advan-
tages and improve the electrolyte—electrode interface contact.
Sulfide-based electrolytes have higher ionic conductivity than
oxide electrolytes (up to 107> S cm™! at room temperature),
which makes them an ideal electrolyte material for solid-state
batteries. However, its stability (electrochemical stability and
interfacial stability) issue still needs to be solved. Addition-
ally, the main issue with its large-scale application is that, due
to the fragility of sulfide to air conditions, any treatment must
take place in an inert gas atmosphere. Moreover, the electrode
and electrolyte synthesis processes in inorganic electrolytes
differ from the standard LIB technique. The variety of pos-
sible binders and solvents is narrower, and reducing thickness
is also difficult [339]. Solid polymer electrolytes, especially
in situ polymerized solid polymer electrolytes, are another
promising solid electrolyte type that has the advantages of
good safety, ease of processing into films, excellent inter-
face contact, etc. At the same time, it can help to prevent the
problem of Li dendrites, which has recently received much

attention. However, many challenges remain, of which the
development of polymer electrolytes with high ionic conduc-
tivity and wide electrochemical stability windows is particu-
larly important. Compared to pure solid polymer electrolytes
and inorganic electrolytes, composite electrolytes have the
following advantages [340, 341]: (1) they can combine high
mechanical strength and high ionic conductivity, and active
inorganic fillers can also provide free-moving Li ions; (2)
they can form ordered or disordered inorganic material-pol-
ymer interface structures, which provide transport channels
for Li-ion migration, resulting in high ion migration numbers;
and (3) the presence of inorganic materials can also adsorb
trace water and other trace impurities, making the composite
electrolyte stabler in the electrochemical environment and
widening the electrochemical window of the electrolyte.
However, there is a phase boundary between the inorganic
material and the organic polymer electrolyte, which leads to
phase separation during long charge and discharge cycles,
resulting in a sharp drop in discharge capacity. The inorganic
fillers are not easily dispersed in the polymer electrolyte, and
the nanoscale inorganic particles tend to agglomerate, leading
to a decrease in the cycling stability of the battery. Further-
more, the preparation process and conditions of composite
electrolytes are more complicated, and the cost is also higher.

The development of FMCMs equipped with solid-state
electrolytes is a system engineering project involving further
exploration of the solid electrolyte mechanism, development
of new high-performance solid electrolytes, construction and
tuning of the electrode/electrolyte interface, and application
of advanced characterization techniques. More work needs
to be conducted.

8 Conclusions and Perspectives

FMCMs display great potential and competitive advantages
for next-generation LIBs due to their resource abundance,
lower toxicity, controllability of the crystal structure and
various Mn-redox couples. However, several challenging
issues still exist in the development of FMCMs, which are
undoubtedly attributed to the electronic structure and coor-
dination structure of Mn ions, as well as the crystal structure
of the electrodes. Based on the progress described above and
our own experimental analysis, we present several conclu-
sions and perspectives aiming to provide some consider-
able attractive strategies and research directions for building
better FMCMs, as shown in Fig. 15, and more details are
presented below.

(1) Mn ions in most Li-Mn-oxide cathodes have six
oxygen ligands, forming a symmetrical MnO, octahedron.
However, once there are enough high-spin state Mn>* ions,
cooperative J-T distortion will occur and significantly impact
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Fig. 15 Possible strategies for building better FMCMs considering
the electronic and coordination structure of Mn ions, as well as the
crystal structure of the electrodes

the solid electrolyte interface and electrode structure stabil-
ity, greatly reducing the material cycle stability.

(i) Inhibition of Mn>** as an intermediate of Mn-redox
species is a potential direct method; however, it may not be a
practical suggestion, as achieving higher capacity is difficult;
thus, some groups have introduced other redox centres to
reduce the extent of Mn**3* redox, such as Ni**** in Ni-
rich cathode materials or oxygen redox in Li-rich cathode
materials, although they raise other vexing problems.

(ii) Inhibition of high-spin state Mn** as an intermediate
of Mn-redox products, which could be realized by structure
symmetry control and has been proven by a few groups.

(iii) Relieving the cooperative J-T distortion by breaking
the periodic arrangement of Mn>* ions in the (layered/spi-
nel) Li-Mn oxides, for example, constructing disordering or
partially disordering materials, containing intralayer vacan-
cies/Li/TM disordering in TM-layer; superstructure materi-
als other than the honeycomb structure; high entropy oxide
materials, containing multiple elements mixing in TM-layer,
or elements completely disordering in the crystal; or manip-
ulating interfacial orbital ordering.

(iv) Breaking the MnOg coordination structure by ligand
substitution, such as F- or S-substituted O ions, or directly
building the MnYg or MnY, (Y here represents some anions)
coordination structure.

(2) FMCMs with specific structures adopt the corre-
sponding countermeasures.

@ Springer

(i) As for spinel LiMn,0,, doping, coating and electro-
lyte additives are usually effective; the key or future devel-
opment direction for spinel LiMn,0, may be to increase
its reversible capacity by a multielectron Mn?*3*4+ redox
reaction, meanwhile the rich-Li strategy and/or Li/Mn
ordering should be carefully considered.

(i1) For O3-type layered Li-Mn oxides, in addition to
traditional modifications, oxygen sublattice engineering
could be an attractive approach. O2-type Li-Mn-oxides
have demonstrated superior electrochemical performance
and avoid the continuous layered-to-spinel phase transi-
tion, but the synthetic methods need more exploration.

(iii) For Li-rich Li-Mn-oxides, searching Li-rich FMCMs
with different superlattices (considering the arrangement of
Li/M/TM/vacancy) could be a promising direction to avoid
severe oxygen release and TM-ion migration; furthermore,
the origin of voltage hysteresis also needs deeper under-
standing. More advanced characterization instruments, espe-
cially in situ observational characterization, and effective
optimized approaches are urgently needed.

(3) Combining the advantages of capacitors and batter-
ies, pseudocapacitance could make a superior difference in
FMCMs. Intercalation pseudocapacitance behaviour is not
easy to realize in FMCMs, but surface/interface redox pseu-
docapacitance is accessible and provides a novel possible
strategy to enhance the energy density and rate performance
of cathode materials.

In conclusion, there are as many opportunities as chal-
lenges in the future enhancement of FMCMs, and much
work needs to be conducted. In the immediate future, we
expect to see rapid development and commercialization of
FMCMs with other layered oxide cathodes.
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